The structure and the trophic interactions of the planktonic food web were investigated during summer 2004 in a coastal lagoon of south-western Mediterranean Sea. Biomasses of planktonic components as well as bacterial and phytoplankton production and grazing by microzooplankton were quantified at four stations (MA, MB, MJ and R) inside the lagoon. Station MA was impacted by urban discharge, station MB was influenced by industrial activity, station MJ was located in a shellfish farming sector, while station R represented the lagoon central area. Biomasses and production rates of bacteria (7-33 mg C m ) showed high values at station MJ, where substantial concentrations of nutrients (NO3− and Si(OH)4) were found. Microphytoplankton, which dominated the total algal biomass and production (>82%), were characterized by the proliferation of several chain-forming diatoms. Microzooplankton was mainly composed of dinoflagellates (Torodinium, Protoperidinium and Dinophysis) and aloricate (Lohmaniellea and Strombidium) and tintinnid (Tintinnopsis, Tintinnus, Favella and Eutintinnus) ciliates. Higher biomass of these protozoa (359 mg C m −3
Introduction
During the last decades, our perception of the marine food webs has change since microbial loop and herbivorous web are not usually the only important pathways of C transfer, but the more complex microbial and multivorous webs are present in aquatic environments (Azam et al., 1983; Legendre and Rassoulzadegan, 1995) . The type of food web influences the fate of biogenic carbon in different ways. The herbivorous and multivorous webs generally dominate in eutrophic waters where allochthonous nutrient inputs sustain high new production and abundances of large algae and zooplankton are high. Then, the algal production is readily channelling to large consumers or exported to deep water via fast-sinking metazoan fecal pellets and mass sinking of cell agregats (Michel et al., 2002; Turner, 2002) . In oligotrophic environments dominated by microbial food webs, most of the nutrients necessary to sustain primary production are recycled through grazing of protozoa on picoplankton (Goldman et al., 1987) . In this case, a major fraction of biogenic carbon may be lost to multiple trophic transfers and remineralized within the euphotic zone. Nevertheless, there is increasing evidence that microbial food webs may play a significant role in carbon export since microzooplankton can act as a significant link between small producers and large consumers (Vézina and Platt, 1988; Nielsen et al., 1993) . Indeed, heterotrophic nanoflagellates and small ciliates are significant grazers of pico-and nanoalgae (Šimek et al., 1995; Sakka et al., 2000) and they may affect the size structure of bacterial assemblage (Calbet et al., 2001; Bouvy et al., 2006) . Heterotrophic dinoflagellates and large ciliates can control the bacterivorous flagellates (Lessard and Swift, 1985; Strom and Morello, 1998) and in the same time provide an essential food supply for mesozooplankton (Calbet and Landry, 1999; Calbet and Saiz, 2005) . Relatively little is known about the planktonic food webs in Mediterranean coastal lagoons. These areas are generally characterized by weak exchange with the sea waters and subjected to recurrent eutrophication, which is caused by increased nutrient loading from expanding anthropogenic activities (De Casabianca et al., 1997; Solidoro et al., 2005) . Moreover, several lagoons develop intensive shellfish farming that contribute to an additional source of nutrients in these areas. The rapid change in nutrient status would influence the community structures of phytoplankton and hence of the other trophic components. Because of the alterations in planktonic communities of these lagoons, the structure and the functioning of their food webs became a focus of interest. Mediterranean lagoons sustain higher levels of phytoplankton biomass and production (Flindt et al., 1997; Bec et al., 2005) . In these eutrophic systems, diatom blooms may occur mainly in spring and summer (Gilabert, 2001; Nuccio et al., 2003) and copepods are generally the main metazoan zooplankton (Lam-Hoai and Rougier, 2001; Hamdi et al., 2002) . This may suggest the significance of the herbivorous pathway in carbon transfer. Moreover, high densities of heterotrophic flagellates and ciliates reported in several Mediterranean lagoons (Rougier and Lam-Hoai, 1997; Sakka Hlaili et al., 2007) may indicate the significance of the microbivory. Thus, the dominance of the multivorous food wed is expected in these regions. The lagoon of Bizerte, on the south-western border of the Mediterranean Sea, is considered to have undergone eutrophication and develops an intensive shellfish farming (mussels, oysters and clams) that supplies an annual production >100 tons, (Khessiba et al., 2001) . In this lagoon, several studies have investigated the various planktonic compartments in separated manner [e.g. phytoplankton (Sakka Hlaili et al., 2006) ; metazooplankton (Hamdi et al., 2002) ]. This could seriously limit our knowledge of the structure for the planktonic food web and its response to anthropogenic expanding pressure. The present study is positioned in the context of a future functional modelling. It proposes to analyze, for the first time in the Bizerte lagoon, the interactions of different planktonic food web components as well as the grazing impact of microzooplankton on bacterial and phytoplankton production. The study was carried out during summer, a season characterized by high phytoplankton and microzooplankton biomasses and significant diatom proliferation (Sakka Hlaili et al., 2007) .
Material and methods

Study site
The Bizerte Lagoon (37°8′ -37°14′ N, 9°48′ -9°56′ E, Fig. 1 ) has an average depth of 8 m, a volume of 851.2 10 6 m 3 and an area of 121.6 km 2 (Mzoughi et al., 2002 ) that makes it the third important lagoon in Tunisia. A 7-km long channel (300 m width and 12 m depth) connects the lagoon to the sea. The marine inflow is strong in summer (Harzallah, 2003) . Under windless condition, a semidiurnal tide (0.02-0.13 m of amplitude) requires more than one year to renew the total water volume of the lagoon. Temporal freshwater supplies (20 Mm 3 yr -1
) are from several surrounding rivers and mainly from Lake Ichkeul through the Tinja river (Harzallah, 2003) . The lagoon hydrodynamics is mainly driven by wind forces that exhibit a defined seasonal pattern with a dominance of winds from the east (5 m s -1 in summer) and northwest (8 m s -1 in winter). During summer, the season of our sampling, the hydrodynamics of the lagoon is characterized by an anticyclonic gyre in the North and a cyclonic circulation in the South. The wind renewal time of water body could reach several months. Water temperature and salinity range from 12 to 28 o C and from 32 to 38, respectively. The bottom of the western and eastern sectors of the lagoon is essentially made of sands while silt deposits occur particularly in the centre of the system (Harzallah, 2003) . From a morphological and hydrodynamic point of view, the study site can be classified as a restricted lagoon (Gamito et al., 2005) .
Sampling
The sampling was carried out in summer 2004 (from 13 to 20 July) at 4 stations (Fig. 1) . The characteristics of stations and sampling dates and depths in each one are given in Table 1 . The vertical attenuation coefficient for the downward irradiance was measured with a Secchi disk (Holmes, 1970) . Water temperature and salinity were measured in situ with a microprocessor conductivity meter (Wissenschaftlich-Technische-Werkstatten (WTW) LF 196). Water was collected using an acidwashed 2.5 l plastic water sampler PWS (Hydro-Bios), then filtered through a 200 µm mesh screen. At each depth, several samples were taken for different laboratory analyses and stored in isothermal containers until they were processed. At each station, a vertical haul was taken from 4 m to surface, using 200 µm mesh net, to determine the composition of mesozooplankton.
Water sample analyses
Samples for nutrients (500 ml) were filtered through Whatman GF/F filters. The filtrates were collected in acid-washed vials and kept frozen (-20 Mullin and Riley, 1955) . Water samples (5 ml) for dissolved organic carbon (DOC) were kept in acid-washed vials and then filtered through GF/F. The filtrate was frozen at -20°C until analysis. DOC concentrations were measured using a Shimadzu TOC-5000 carbon analyzer following the method of high-temperature catalytic combustion as described in the JGOFS report (Knap et al., 1994) . Chlorophyll a (Chl a) concentrations were determined on 1000 ml samples that were successively filtered through 10 µm, 2 µm and 0.2 µm pore-size polycarbonate filters. Pigment concentrations were estimated, after overnight dark extraction at 4°C in 90% acetone, using the spectrophotometric method of Lorenzen (1976) and following the procedure given by Parsons et al. (1984) . Samples for identification and enumeration of phytoplankton > 2 µm and microzooplankton were fixed with 4% acid Lugol solution (Parsons et al., 1984) and 5% alkaline Lugol solution (Sherr and Sherr, 1993) , respectively. Cell abundances were determined under an inverted microscope (100 x objective) on 50-100 ml settled volumes (Lund et al., 1958) . At least 200 cells in each sample were counted. Unfortunately, the smaller heterotrophic ultraflagellates (< 5µm) were not quantified according to the DAPI method because of a technical problem. Lugol's is recognized to be a good fixative for ciliates since it preserves a great number of them (Leakey et al., 1994; Stoecker et al., 1995) . Within this group, the species Mesodinium rubrum and Laboea strobila, which were regarded as mainly phototrophic, were included in the phytoplankton community. The preservation in acid Lugol's is problematic for dinoflagellates because it does not allow discrimination between the heterotrophic and autotrophic forms. Since the studies of Larsen and Sournia (1991) and Stoecker (1999) have shown that many, if not most, dinoflagellates are phagotrophic, species of Gymnodinium, Gyrodinium, Protoperidinium, Torodinium and Dinophysis were considered as heterotrophic in our results. However, Prorocentrum spp. were including within the algal community To enumerate the picophytoplankton, samples (10 ml) were preserved in 0.22 µm prefiltered formaldehyde (2% final concentration) and stored for 1 h in darkness at 4 o C. The samples were then filtered on 0.22 µm black polycarbonate filters (Nuclepore) laid over 0.45 µm nitrocellulose backing filters (Millipore). The filters were mounted on slides using low-fluorescence immersion oil, and stored immediately at -20°C. Abundance was determined under a CETI Topic-T epifluorescence microscope (x100 Fluotar objective), as described in MacIsacc and Stockner (1993) , using blue and green excitation and counting at least 200 cells from 30 random squares. Samples (20 ml) for heterotrophic bacteria were preserved with glutaraldehyde (final concentration of 1%), and stored in darkness at 4 o C. From each sample, 3 ml were stained in the dark with 4',6-diamidino-2-phenylindole (DAPI; 1.8 µg l -1 final concentration) (Porter and Feig, 1980) and filtered on 0.22 µm black polycarbonate filters. The filters were mounted on slides and stored frozen until analysis. Bacterial enumeration was conducted with a 100x oil immersion objective under an Olympus BH-2 epifluorescence microscope, using UV excitation. For each filter, 300 cells were counted from 20 random fields. Samples for identification and enumeration of mesozooplankton were fixed in 5% borax-buffered formalin solution. Count was performed under dissecting microscope (VOTPI Leica WILD M32).
Dilution Experiments
Dilution experiments (Landry and Hassett, 1982) were carried out on each station to estimate growth rates (k, d ) on them (g Ph and g Bac ). The description of the experiment procedure was detailed in Sakka Hlaili et al. (2007) . The data of k (k Ph or k Bac ) and g (g Ph or g Bac ) , estimated from the dilution experiments, were then used to calculate the production (P) and the consumption rates (G) of phytoplankton (P Ph and G Ph ) or of bacteria (P Bac and G Bac ) using the equation of Moigis (2000):
) is the initial biomass of phytoplankton or bacteria, and t (d) is the incubation time (1 d).
Estimation of carbon biomasses
Phytoplankton and protozooplankton
The dimension of algal and protozoan taxa (at least 50 cells) were measured using a calibrated ocular micrometer and biovolumes were estimated by applying standard geometric formulae to each taxon, as proposed by Hillebrand et al. (1999) . For diatoms, the vacuole volume was subtracted from the cell volume (Hillebrand et al., 1999) , assuming a plasma layer thickness of 1 μm, and the C content was obtained using the formula of pg C cell -1 = 0.288 x V 0.811 (Menden-Deuer and Lessard, 2000) , where V is the cell volume. The cell volume (Z) of autotrophic flagellates and dinoflagellates, was converted to cell carbon using the formula of pg C cell -1 = 0.216 x Z 0.939 (Menden-Deuer and Lessard, 2000) . Cell carbon for ciliates and heterotrophic flagellates were computed with conversion factors of 0.19 pg C µm -3 (Putt and Stoecker, 1989) and 0.15 pg C µm -3 (Sheldon et al., 1986) , respectively. The carbon biomasses of phytoplankton and protozooplankton were estimated by multiplying their cell carbon by the abundances.
Picophytoplankton and heterotrophic bacteria
For picophytoplankton and heterotrophic bacteria, the biovolumes were calculated from the average cell dimension of 100 organisms in each group. Cell volumes (µm 3 ) were converted to cell carbon (pg C cell -1 ) using conversion carbon of 0.35 pg C µm -3 for heterotrophic bacteria (Bjørnsen, 1986) . Their carbon biomasses were estimated by multiplying their cell carbon (22.2 fg C cell -1 ) by their abundances. For picocyanobacteria and eukaryotic picophytoplankton, carbon biomasses were calculated using conversion factors of 0.22 pg C µm -3 (Søndergaard et al., 1991) and 0.22 pg C cell -1 (Mullin et al., 1966) , respectively.
Mesozooplankton
The length and width of all organisms in each sample were measured. These measurements were converted to biomass using conversion factors corresponding to each taxonomic group, as follows: -Copepods: The total volume (V, nl) was calculated by applying geometric formulae of ellipsoid and cylinder to prosom and urosom, respectively. The wet weight (WW, µg) was calculated according to Riemann et al. (1990) as: WW = 0.9 x V x 1.13 where 0.9 is a dimensionless conversion factor, V (nl) is the total volume of a given individual and 1.13 is the specific gravity (µg nl -1
). The dry weight (DW, µg) was calculated as 22.5% of WW (Gradinger et al., 1999) and C content (µg) was estimated as 40% of DW (Feller and Warwick, 1988 ). -Copepod nauplii: Biovolumes were estimated by applying standard geometric formulae to each individual, and the C content was obtained using a conversion factor of 0.50 pg C µm -3 (Shinada et al., 2003 ).
-Cladocera: The length (L, mm) of each organism was used the determined its carbon content (C clad ) as: C clad (µg) = 5.24 x L -1.08 -Bivalve larvae: The wet weight of an organism was calculated according to Jespersen and Olsen (1982) as:
where L (mm) is the individual length. Larval carbon content was estimated by multiplying the WW by a factor of 0.22 (Omori, 1969) .
-Other larvae: The individual settled volume (SV, cm 3 ) was calculated by applying a specific geometric formula to each larva. The dry volume (DV, cm 3 ) was estimated as 0.35 x SV, and the carbon content was calculated considering that 0.1 cm 3 of DV corresponds to 10 mg of C (Harris et al., 2000) . The carbon biomass of each metazoan group was estimated by multiplying the individual carbon contents by the corresponding abundances.
Statistical analyses
Analyses were performed using XLSTAT © for Windows. A one-way analysis of variance (ANOVA) was performed to test the significance of differences in abiotic and biotic variables among stations and depths. The ANOVA was followed by a pair-wise multiple comparison test (Student-Newman-Keuls method) to identify which groups were significantly different from the others. When the normality of distribution (test of Kolmogorov-Smirnov) and/or the homogeneity of variances (test of Bartlett-Box) were failed, a non-parametric test (Kruskal-Wallis one way ANOVA on ranks) was used. (Table 3) . In most stations, NH 4 + decreased significantly with depth and highest concentrations were recorded at surface water of station MJ (14.21 µM) and MA (13.71 µM).
Results
Environmental conditions
Trophic group biomasses
The carbon biomasses of most trophic groups exhibited only significant horizontal spatial variations (Table 3) . For all stations, vertical profiles of the heterotrophic bacteria and picophytoplankton were homogenous (Table 3 , Fig. 2A ). The lowest concentrations were recorded at stations R for bacteria (6.7 -9.5 mg C m ), which were almost unchanged among stations, decreased from subsurface waters to depth (Table 3 , Fig. 2C ). Microphytoplankton biomasses exhibited horizontal spatial heterogeneity (Table 3) ). No depths comparison was done for mesozooplankton since these organisms were sampled by the mean of a tow through one surface layer.
Taxonomic composition of trophic groups
Taxonomic composition of > 2 µm phytoplankton (nano-and microphytoplankton) was illustrated in Fig. 3 . During our study period, diatoms were remarkably abundant at different depths for all stations, contributing 63-89% of the total algal biomass. The highest diatom biomass was recorded at station MJ (204 -231 mg C m -3 ). In stations MA and MJ, diatoms were dominated by pennate species (Bidulphia sp., Entomoneis pellucida, Gyrosigma spp., Licmophora gracilis, Pleurosigma strigosum, Nitzschia spp., Pseudo-nitzschia spp., Melosira sp., Navicula sp. and Thalassionema spp.), while centric cells (Chaetoceros spp., Cerataulina spp., Skeletonema costatum, Coccinodiscus sp., Dactyliosolen fragilissimus, Guinardia spp., Rhizosolenia imbricata and Thalassiosira spp.) were prevailing in stations MB and R. Autotrophic dinoflagellates, which were represented by several species of Prorocentrum, accounted for 7 -21% of total phytoplankton biomass at the four stations. The photosynthetic ciliates Mesodinium rubrum and Laboea strobila were present at stations MA, MB and R, contributing 1 -5% of algal biomass. In station MJ, Mesodinium rubrum was the only species observed within the autotrophic ciliate community, which accounted for 0.3% of algal biomass. Chlorophyceae (Chlamydomonas spp.), cryptophyceae (Hillea and Plagioselmis spp.), prasinophyceae (Pyramimonas, Tetraselmis and Mamiella spp.) and unidentified flagellates (due to their small size, generally < 5 µm) constituted 2.5-10.5% of algal biomass. At different depths for all study stations, the microzooplankton were dominated by heterotrophic dinoflagellates and ciliates which contributed 26 -53% and 44 -70% of total biomass, respectively (Fig. 4) . Dinoflagellates were mostly dominated by Torodinium, Protoperidinium and Dinophysis spp. Tintinnids (Tintinnopsis, Tintinnus, Favella and Eutintinnus spp.) were mostly abundant at station MB, while aloricate organisms (Lohmaniellea and Stombidium spp.) were the dominant ciliates in other stations. Heterotrophic flagellates, which contributed of 1.5 -13.5 % of microzooplankton biomass, were dominated by small (< 10µm) species of Leucocryptos and Teleaulax and large organisms (> 10 µm) of Dictyocha and Ebria. Within this group the heterotrophic ultraflagellates (< 5 µm) were not enumerated and hence their biomass may be underestimated. But, due to their small cell size, the ultraflagellates would contribute weakly to the carbon biomass of microzooplankton. Within the mesozooplankton community (Fig. 5) , copepods, the dominant group (50-90% of total abundance), were represented by calanoida (Acartia, Temora, Calanus, Eucalanus, Paracalanus and Centropages) and cyclopoida (Oithona). Cladocera (Pondon) were observed only at station MB representing 2% of total metazoan abundance. The large dinoflagellate Noctiluca represented 3% of the metazoan abundance in station MA. Copepod nauplii and larvae of several groups (medusa, annelids, mussels, gasteropods, fish, appendicularians, decapods, echinoderma, acisidiacea and tubellaria) were also observed at different stations.
Bacterial and phytoplankton production and grazing
Bacterial and phytoplankton size-classes production and grazing rates are summarised in Table 4 . Overall, these rates exhibited more variations among stations than among depths (Table 3) . The highest bacterial production rates were observed at station MJ (27.5 to 34. ) exhibited no significant differences among stations but decreased with depth (Table 3 ). The microzooplankton grazing corresponded to daily losses of 50-92% of the pico-and nanophytoplankton production in the four stations. In all stations, the micro-consumers daily grazed 34-49% of the microalgal production.
Discussion
Eutrophic status of the lagoon
As reported for many others coastal systems (Souissi et al., 2000) , horizontal spatial heterogeneity in the Bizerte lagoon appeared to be a more important source of variation in abiotic and biotic variables than the vertical one (Table 3) . Nutrient concentrations are frequently used as water quality indicators because they represent the chemical factors that are influenced by human activities (Stumm and Baccini, 1983) . The station MJ located in shellfish farming sector exhibited higher concentrations of NO 3 -than the others stations (Tables 2, 3 ). The Si(OH) 4 was another factor for the horizontal spatial dissimilarity (Table 3) . According to the sediment granulometry, the centre of the lagoon was mainly composed by silts, while sands are dominant in west (45%) and east (90%) sectors (Harzallah, 2003) . Thereby, the increased Si(OH) 4 concentrations in the station MJ (situated in East of the lagoon) may be related to the sediment characteristics of the station. : 0.13 -1.62 P µM) and in previous investigations (Sakka Hlaili et al., 2006; Sakka Hlaili et al., 2007) . These nutrient levels compared to those reported for other Mediterranean coastal systems, as lagoon of Thau (10.7 N µM, 1.3 P µM; Vaquer et al., 1996) and gulf of Trieste (0.44 -11.1 N µM, 0.1 -1.02 P µM; Fonda Umani and Beran, 2003) . Chl a concentrations measured during summer in our study site (1.93 -5.48 µg l ), in which total N-nutrient levels can reached 70 µM (Nuccio et al., 2003) . Considering its nutrients and Chl a status, the Bizerte lagoon can therefore be classified in the lower range of eutrophicated systems. However, the enclosed nature of the lagoon and the long renewal time of water (several months, Harzallah, 2003) can accentuate its eutrophication state in the future.
Bacterial assemblage
Biomasses of heterotrophic bacteria (7 -33 mg C m -3 or 3 -15 10 8 cells l -1
) varied significantly among stations (Table 3) with higher values at station MJ ( Fig. 2A) . The bacterial concentrations were in the range of values reported for a coastal site in the Northern Adriatic Sea (22-27 mg C m , Gasol et al., 1998; Pedrós-Alió et al., 1999) . Bacterial production rate exhibited also spatial horizontal variation and varied from 17.5 to 35 mg C m -3 d -1 (Tables 3, 4 , Fonda Umani and Beran, 2003) . During the study, higher rates of bacterial production were found in the station MJ (Table 4 ). The significant algal production in this station (Table 4 ) may contribute to a substantial exudation of labile DOC that can be readily taken by bacteria, thus, enhancing their growth rates. Over all stations, bacteria seemed to be able to process a significant fraction of carbon fixed by phytoplankton. Indeed, the ratio of bacterial production to phytoplankton production ranged from 0.2 to 0.5, which is not so different from the value 0.3 reported at a global scale (Cole et al., 1988) .
Phytoplankton assemblage
The microphytoplankton remarkably dominated the algal carbon biomass (>82%, Fig. 2D ) and production (84 -92%, Table 4 ) in all stations during summer, a season characterized by the proliferation of several chain-forming diatoms (Fig. 3) . The summer abundance of diatoms is likely a common feature of several Mediterranean coastal systems like the lagoon of Mar Menor (Spanish coast, Gilabert, 2001) , the Bay of Tunis (Tunisian coast, Daly Yahia- and the Orbetello lagoon (Italian coast, Nuccio et al., 2003) . The significant contribution of diatoms to phytoplankton may be related to the high nutrient levels measured in the lagoon during summer (Sakka Hlaili et al., 2006) , which could favour the growth of large algae. Indeed, over all stations, growth rates of microalgae (0.41 -0.63 d ) (Sakka Hlaili et al., 2007) . Moreover, the increased availability of Si in station MJ, may lie behind the substantial biomass of diatoms (Fig. 2D ) and the significant production of microphytoplankton (Table 4) ) varied significantly among stations (Table 3) with higher values at station MJ (Fig. 2B) . The cell number of picoalgae measured in the lagoon fell in the range of values reported for several Mediterranean zones (Vaulot et al., 1990; Magazzù and Decembrini, 1995; Morán et al., 2001) . When compared to nano-and microphytoplankton, picocells were more numerous in the studied lagoon, as observed in the Thau lagoon (Vaquer et al., 1996; Bec et al., 2005) , but due to their low mean volume per cell (0.99 µm 3 ) and low C:Chl a ratio (6, average value over all stations and depths), the picophytoplankton contributed weakly to the carbon biomass of phytoplankton during summer in all stations. However, the contribution of < 2 µm cells to total Chl a was on average (for all stations and depths) 49%, slightly lower than the mean percent (59%) reported for several Mediterranean areas (Magazzù and Decembrini, 1995) . In all stations, picophytoplankton contributed < 6% to the primary production, which is largely lower than mean values given for pelagic (71%) and neritic (44%) Mediterranean areas (Magazzù and Decembrini, 1995) . However, the contribution of < 2 µm cells to phytoplankton production, in the Thau lagoon, was reported to be lower than the large algae (Bec et al., 2005) . In general, photosynthetic activity of picoalgae was reported to be higher than that of large cells (De Madariaga and Joint, 1994) , which may be related to the physiologic advantage of < 2 µm cells (i.e. high efficiency of nutrient uptake). This hypothesis may be considered under nutrient-deficient conditions and in oligotrophic areas. However, in eutrophic ecosystems and during large cells proliferation events, the picophytoplankton activity may be lower and hence their contribution to primary production would be low.
Zooplankton assemblages
During summer, microzooplankton was dominated by heterotrophic dinoflagellates and ciliates ( Rougier, 2001; Gómez and Gorsky, 2003; Fonda Umani et al., 2005) . It is suggested that microzooplankton would be significant grazers in the lagoon and thus microbial food webs would be active, if mesograzers are not more important. Microzooplankton biomass exhibited spatial horizontal variation (Table 3) with very higher values at station MB (Figs. 2E, 4) . This station was characterized by lower abundance of copepods (Fig. 5) , the potential predators of ciliates and heterotrophic dinoflagellates (Jürgens et al., 1999; Calbet and Saiz, 2005) . It is suggested that lower copepod predation on micrograzers may account to the high protozoan concentration in the station MB. In most stations, mesozooplankton communities observed during summer were quantitatively dominated by copepods (50 -90% of total number, Fig. 5 ), as reported in other Mediterranean regions (Christaki et al., 1998; Fonda Umani et al., 2005) . Biomasses of mesozooplankton estimated in the lagoon (2.2 -7.6 mg C m -3 ) were similar to those found in other coastal Mediterranean systems, as lagoon of Thau (NW Mediterranean, Lam-Hoai and Rougier, 2001 ) and gulfs of Triest (N Adriatic Sea, Fonda Umani et al., 2005) and of Patraikos (Ionian Sea, Ramfos et al., 2006) . The mesozooplankton contributed to the horizontal spatial variations (Table 3) with pronounced biomasses at stations MJ, which were characterized by high biomass and production of microalgae such as diatoms (Table 4 , Fig. 2D ). It is suggested that the herbivorous food web would be active in this station as diatoms production could be directly or indirectly (via microzooplankton grazing) channelled to metazoan zooplankton contributing to an important carbon flow to higher tropic levels.
Zooplankton grazing
Microzooplankton grazing on bacteria varied among stations (Table 3) . Rates observed at station MJ (17-27 mg C m -3 d -1
) were higher than values at the others stations (6 -13 mg C m -3 d -1
) (Table 4) . A higher fraction of bacterial production was removed at stations MJ and MA (mean over depths: 65 -70%) in comparison with stations MB and R (mean over depths: 35%). Obviously, small heterotrophic flagellates can contributed to the high bacterivory in stations MA and MJ, but also ciliates may be active bacterivorous, as small aloricate organisms (Strombidium spp.) represented 95 -100% of ciliate abundance and biomass in both stations (Fig. 4) . Over all stations, the pico-and nanophytoplankton were efficiently consumed by microzooplankton during summer, since large fractions of their production (picoalgae: 51 -96%, nanoalgae: 51 -91%, Table 4 ) were daily removed. The small heterotrophic flagellates and aloricate ciliates, observed in the lagoon, may also control the production of the small producers, as reported in other aquatic systems (Šimek et al., 1995; Sakka et al., 2000) . Large ciliates (i.e. tintinnids) may indirectly control the small algae, by ingesting their potential consumers, the heterotrophic flagellates. This can be significant particularly in station MB, where high biomass of large tintinnids (> 130 µm, Eutintinnus and Favella) was found (Fig. 4) . In comparison to ciliates, heterotrophic dinoflagellates are generally capable to graze larger cells (Bernard and Rassoulzadegan, 1990; Hansen, 1992) . In the lagoon, heterotrophic dinoflagellates can indirectly influence bacteria as well as small algae, via their predation on small ciliates and/or heterotrophic flagellates (Lessard and Swift, 1985; Strom and Morello, 1998) . Pico-and nanocells are suitable preys for microzooplankton but microalgae (i.e. diatoms) were also shown to constitute another source of carbon to the microconsumers in several coastal systems (Böttjer and Morales, 2005, Stelfox-Widdicombe et al., 2004) . Furthermore, ciliates and heterotrophic dinoflagellates, including Gyrodinium and Protoperidinium, are potential grazers of large algae such as chain-forming diatoms and are often associated with diatom blooms (Sime-Ngando et al., 1995; Hansen and Calado, 1999; Stelfox-Widdicombe et al., 2004) . During our study, heterotrophic dinoflagellates, which were numerous (60 -82% and 40 -52% of microzooplankton abundance and biomass, respectively) and large ciliates (i.e. tintinnids), which were very abundant at station MB (Fig. 4) , can also act as major grazers on large algae, at least at station MB. However, the microzooplankton removed a small fraction of the daily production of microphytoplankton in all stations (mean over depths, MA: 39%, MB: 45%, MJ: 40%, R: 44%, Table 4 ). This implies that a relatively important fraction of large algal production (55 -61%) would be controlled by other mechanisms, such as predation by planktonic and benthic metazoans or vertical sinking (Froneman et al., 1996; Murrell and Hollibaugh, 1998) . During summer, the metazooplankton in the lagoon were dominated by calanoid and cyclopoid copepods which were recognized to be important grazers of large algae (Sommer et al., 2000) . It is suggested that a large fraction of diatom production (60%) would be processed by active herbivorous consumers in the station MJ, characterized by very high copepod abundance (Fig. 5) . In contrast, copepods were the less numerous at station MB (Fig. 5) and the high concentrations of dinoflagellates and ciliates in this station have been attributed to a low predation by copepods. This suggests that most of diatom carbon would sink in this station. In the two others stations (MA and R), both mechanisms (copepod transfer and vertical sinking) would act together in controlling of large algal production.
Trophic interactions within the food webs in the different stations
Our study simultaneously investigated production and consumption of the different planktonic elements (bacteria, pico-, nano-and microphytoplankton) and provides a picture of predatory interactions in the planktonic food webs of the studied stations during summer (Fig. 6 ). Carbon production rates of microzooplankton groups (heterotrophic dinoflagellates, ciliates and flagellates) were obtained by multiplying their specific growth rates (obtained from dilution experiments) and their respective biomasses. Then, their carbon demands can be estimated assuming a 30% growth efficiency (Straile, 1997) . In stations MA and MJ (Fig. 6A and B) , a significant fraction of bacterial production enters the planktonic food web and can reach metazoan because of the high bacterivory of protozooplankton (65-70% of bacterial production). The bacterivorous grazers in both stations (small aloricate ciliates and heterotrophic flagellates) exhibited relatively high carbon demands (31 -40 mg C m -3 d -1
). These micrograzers, exert also high grazing pressure on pico-and nanoalgae corresponding to carbon loss of 68 -78% of the small algal production. Small aloricate ciliates and heterotrophic flagellates can themselves be consumed by heterotrophic dinoflagellates. Total production of these small protozoa (10 and 12 mg C m , at stations MA and MJ, respectively). In station MA, tintinnids can also contribute to the consumption of microphytoplankton. However, only a small fraction of microalgal production (39 -40%) was removed by microzooplankton. As discussed, in station MJ, the most of microalgal production can be consumed by the numerous copepods and then efficiently transferred to higher pelagic and/or benthic consumers. In station MA, the main producers (i.e. microalgae) can be channelled to metazoans and/or sink. In both stations, metazoans can also prey on heterotrophic dinoflagellates and tintinnids, which graze on active bacterivorous and microbial consumers. In stations MB and R (Fig. 6C, D) , small microzooplankton (aloricate ciliates and heterotrophic flagellates) exhibited low bacterivory (35% of bacterial production), while their predation on small algae was significant (67 -90% of pico-and nanoalgal production). Heterotrophic dinoflagellates and tintinnids probably ingest total production of the small micrograzers (8 and 6 mg C m -3 d -1
, at stations MB and R, respectively) with the microalgal contribution to complete their carbon diet (35 and 25 mg C m -3 d -1
, at stations MB and R, respectively). However, the herbivory on large algae was low (44-45% of microalgal production). Metazoans may contribute to the microphytoplankton consumption, but since the copepods were not abundant, particularly in station MB, a large fraction of microalgal production would sink to depth. The picture of the trophic interactions at stations MA and MJ observed during summer showed that microbial and herbivorous activities act together in channelling the biogenic carbon. This trophic pathway, which corresponds to a multivorous food web (Legendre and Rassoulzadegan, 1995) , can then contribute to an efficient carbon transfer to higher trophic levels in both stations. Conversely, in stations MB and R, biogenic carbon can reach higher consumers mainly via the significant microzooplankton grazing on microbes. This trophic pathway, which corresponds to a microbial food web (Rassoulzadegan, 1993) , seemed to be inefficient in carbon transfer, since small cells were not the main producers during summer in the lagoon and thus the bulk of algal production would sink. The picture of food webs found in summer at different stations may change during others periods since seasonal changes in algal community were previously reported in the lagoon (Sakka Hlaili et al., 2006 , 2007 . Diatoms are abundant in spring and summer but small autotrophic flagellates prevailed in winter and autumn. During these seasons, small algae contributed > 85% of algal carbon biomass and the <10 µm phytoplankton accounted for > 70% of the total primary production (Sakka Hlaili et al., 2007) . It is suggested that the production of the small producers would be mainly channelled to higher consumers by microbial food webs during winter and autumn.
Conclusion
This study provides the first information on trophic interactions involving bacteria, small and large phytoplankton and microzooplankton (heterotrophic flagellates, ciliates and dinoflgaellates) during summer in the Bizerte lagoon. Our results indicate that there are two different planktonic food webs: the multivorous food web in the north sector of the lagoon (stations MA and MJ) and the microbial food web in the south sector (stations MB and R). The distinction between the two sectors may be related to the difference in the anthropogenic activities that were supported by different areas of the lagoon. In the North, there are three main cities (Bizerte, Menzel Abderrahman and Menzel Jemil with 100 000, 10 000 and 25 000 local peoples, respectively), while Menzel Bourguiba (with 25 000 local peoples) is the only principal city located in the South (Fig. 1) . According to the report of the ANPE (Agence Nationale de la Protection de l'Environnement, 1998) , the waste water discharge in the lagoon was estimated at 120 l d -1 people -1
, which indicates that the urban loading of material would be more important in the North than in the South. Moreover, the northern sector of the lagoon supports several shellfish farming, while there is no conchylicous activity in the southern region (Fig. 1) . It is suggested that high anthropogenic loading of nutrients may occur in the North and then may sustain the multivorous food web in the northern region of the lagoon of Tunisia. We thank anonymous reviewers for useful suggestions. This is a contribution to the research programs of ISMER and Québec-Océan. Fig. 1 Tables   Table 1  Location, Table 4 Production and grazing rates for bacteria (Bac), picophytoplankton (Picophyt, <2 µm), nanophytoplankton (Nanophyt, 2-10 µm) and microphytoplankton (Microphyt, 
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